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Introduction
Copper cobalt oxides are a family of metal oxides which have found important applications in electro-catalytic reactions and as thermoelectric material [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . To enable improved designs for optimal performance in these applications, their physicochemical, electrochemical, magnetic, conductivity as well as thermal properties have been intensely studied, in conjunction with their structural characteristics [6, 8, [13] [14] [15] [16] . From these previous studies, it can be construed that temperature change in the synthesis process or application has substantial influence on their physicochemical properties.
The temperature effect on the structural, magnetic and electronic structure properties in the delafossite-type of copper cobalt oxides were established [13] . The thermal analysis showed the compounds are stable up to 680°C, whereupon a phase transition event occurs. A weak temperature dependent magnetic susceptibility exists, which remains negative in the temperature range from ~20 K to 300 K. There is no ferromagnetic or paramagnetic impurity contribution from samples at temperatures as low as 2 K [13] . The temperature independent diamagnetism reported for this type of copper cobalt oxide is in agreement with formal charge assignments of Cu + (d 10 ) and Co 3+ (d 6 , low spin) as suggested by Shannon et al. [17] as well as from analysis of the electronic band structure determined by density functional theory (DFT) calculations [12, 13] . The spinel-type of copper cobalt oxides tends to form a low crystallized single phase of copper cobalt oxide with a partially inverted spinel structure and minor segregations of new cobalt and/or copper oxide phases, which depend on the Cu/Co ratio in the precursor salt as well as the calcination temperature [8, 18] . The increase of calcination temperature is typically accompanied by an increase in the degree of crystallinity of phases in copper cobalt oxides [16] . Nonetheless, the opposite result was observed by Shaheen [16] , where the degree of crystallinity of detected phase in copper cobalt oxide decreased when synthesized by lower content of copper in Cu/Co ratio. Indeed, this discrepancy can be
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4 addressed by considering the dissolution of more cobalt species in the lattice of the copper cobaltite phase, thus producing a more homogeneous solid solution [16] .
Compared to the above mentioned properties, the mechanical properties of optical copper cobalt mixed oxides are seldom studied and, to the best of our knowledge, there is no integrated experimental and modelling study on the mechanical properties of copper cobalt oxides coatings. This is quite surprising, in view of the fact that mechanical strength and durability are important in extending their service life. In our previous work, the copper cobalt oxide thin films were deposited on aluminium substrate via the sol-gel dip-coating route [19, 20, 21] . The resulting coatings exhibited distinctive optical properties with a spectrally selective profile in the UV-Vis-NIR wavelengths region. There are, however, still many unresolved engineering issues, especially those as regards to the understanding of the influence of annealing temperatures on the physicochemical and mechanical properties of the coatings. Therefore, the aim of this work is to investigate the structural, surface compositions, optical and mechanical properties of copper cobalt oxide thin film coatings synthesized at different annealing temperatures using XRD, XPS, UV-Vis-NIR and nanoindentation.
Moreover, the experimental results are used to evaluate the mechanical behaviour of the coatings by Finite Element Modelling (FEM). The high absorptance value accompanied by the high mechanical robustness of the copper cobalt oxide coating renders these coatings a promising material for various applications, especially for solar selective absorption.
Experimental

Preparation of thin film coatings
Copper-cobalt oxide thin film coatings were deposited using a sol-gel dip-coating technique described in our previous reports [19, 20] 
Supply, 99 %) and absolute ethanol (Merck) were used as received. Commercial aluminium (Anofol, size: 2×4 cm 2 ) was used as substrate. The copper and cobalt precursors (at 0.25 M for each) were mixed using absolute ethanol. Propionate acid was then added to the solution as complexing agent and stirred for 2 hours. The resulting solution was then used for deposition on aluminium substrates using a dip-coater at a withdrawal rate of 120 mm/min with relative humidity being controlled below 55%, and subsequently heated on a hot plate at 150°C for 10 seconds. The dip-heating cycles were conducted four times before final annealing at temperatures from 500°C to 650°C for 1 hour. Four dip-heating cycles process was adopted because it could provide an optimized reflective system compared to other numbers of cycles [20] . If the annealing temperature was set lower, residual organic groups would not be completely removed, while temperatures higher than 650°C could also not be applied since it was limited by the melting point of aluminium substrate. The ramp-rates of 50°C/min was selected for the heating process before reaching the final annealing temperatures, while cooling to room temperature was allowed to occur naturally inside the closed furnace.
Characterizations
Mineralogical characteristics of the thin films were analyzed using a X-Ray Diffractometer (Bruker Advance D8 X-Ray Diffractometer) equipped with a Lynx-Eye detector, Cu-tube and operated at 40 kV and 40 mA [22] . Conditions of analysis were set as follows: 15 rpm rotation, 10-60° of 2θ, 0.01 degree increment, 1.2 sec/step-time per step, 0.26 degree fixed divergence slit and 2.20 degree fixed anti-scatter slit. The surface bonding structures of samples were probed by X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra XPS spectrometer, Manchester, UK) with Al K α radiation (hν=1486.6 eV) [23] . The samples were mounted horizontally on the holder and normal to the electrostatic lens, using double-sided Cu sticky tape. The vacuum pressure of the analyzer chamber was less than 10 -9 Torr. The voltage and emission current of the X-ray source were held at 12 kV and 12 mA, respectively.
Initial survey scans used a pass energy of 80 eV. [24] using the near normal hemispherical reflectance from 300 to 2700 nm recorded by a UV-Vis-NIR Jasco V-670 double beam spectrophotometer with an integrating sphere.
A nanoindentation workstation (Ultra-Micro Indentation System 2000, CSIRO, Sydney, Australia) equipped with a Berkovich indenter [25, 26] was used to determine the mechanical properties of the films. To ensure that only the film properties were measured, nanoindentation was conducted under load control with a maximum load of 0.5 mN, under which the maximum penetration depth was found to be ~0.1 m (see Results and discussion section), well below 10% of the total film thickness of ~2 m. For each test, 10 incremental and 10 decremental steps were used, respectively. For each sample, 30 measurements were taken. The results were then averaged and the standard deviation was evaluated for each sample. Finite element modelling (FEM) was used to assess the mechanical response of the coating system to external loadings. Input parameters consisted of both structural and mechanical properties of the coating systems obtained from experiments. A two-dimensional
(2D) axisymmetric model was constructed with the loading direction along the axial z axis, using COMSOL software. The details of the model set-up are given in our previous work [27, 28] , and are briefly described below. The model assembly comprises a coating ( The indentation loading process was simulated as downward movements in successive steps of 0.01 µm each, starting from 0 to 0.12 µm. Analysis of domain size from the (310) and (301) peaks using the Debye-Scherrer formula (equation 1) is tabulated in Table 1 . The results indicate that as the annealing temperature
Results and Discussion
XRD analysis
increases, the domain measured perpendicular to the (3 1 0) lattice plane increases significantly, while the domain measured perpendicular to the (3 0 1) plane decreases slightly.
where K is the crystallite-shape factor (K=0.94 [29] [30] [31] ); B=FWHM.
It has been established that, the strain within a material can be evaluated by measuring the d-spacing of the crystal planes using X-ray diffraction [32] :
where z is the strain component normal to the surface, d 0 and d n are the strain free and measured d-spacing, respectively. Within a coating layer of ~1 m thickness, the residual stress  z is normally zero [33] . As such, we have [34] :
where  is Poisson's ratio, E is Young's modulus,  x and  y are the in-plane principal stresses along the x and y directions, respectively. Combining Equation (2) and (3), and assuming that the coating layer is isotropic, i.e.,  x = y , we obtain:
from which the in-plane residual stress within the CoCu 2 O 3 phase can be estimated. The E values were obtained from first principles calculations (i.e., 85 GPa along (3 0 1) and 122 GPa along (3 1 0), respectively). Although these results may not directly represent the stress levels within the coatings, they, nonetheless, provide an evaluation of the trend in stress changes due to different annealing temperatures. It is also interesting to note that the average E value within the coatings obtained from our nanoindentation results (i.e., 100 GPa, see Section 3.4)
is in general agreement with those derived from first principles calculations, indicating that the actual stress level within the coatings may be close to those obtained from the above calculations. By bearing this in mind, the residual stress was found to decrease with the
annealing temperature; that is, from 500 to 650°C, the tensile residual stress reduced by ~48% (Table 2) . Fig. 2 and Fig. 3 show the Cu 2p XPS spectra and the decoupling of Cu 2p 3/2 peaks of copper cobalt oxide film coatings synthesized at different annealing temperatures, respectively. In every spectrum, the two main peaks of Cu 2p 3/2 and Cu 2p 1/2 and the satellites on the high energy side of these two main peaks can be found (Fig. 2) is a decrease in the covalent character of the Cu-O bond in copper cobalt mixed oxide [18] .
XPS study
The decoupling of Cu 2p 3/2 peak and its satellite in every coating is shown in Fig. 3 .a-d.
Overall, the curve-fittings result in four components in every spectrum and they are quantified in Table 3 . It is commonly recognized that the photoelectron peak at around 932.3-932.4 eV of Cu 2p 3/2 is usually from the tetrahedral Cu + . The components at around 933-934 eV with their satellites characteristic are due to the octahedral Cu 2+ . From Table 3 , it can be seen that the tetrahedral Cu + ions remain more prominent compared to the octahedral Cu 2+ ions, even though the annealing temperature is increased. The increase of annealing temperature generally does not change the copper bonding structure in the surface. The absence of a component at the low energy side of the Cu 2p 3/2 peak indicates that natural cooling overnight to room temperature inside the closed oven furnace might prevent the reduction of octahedral
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10 Cu 2+ in contrast to the relatively faster cooling outside the furnace as reported in our previous work [20] . Fig. 4 shows the profile of Co 2p spectra for samples synthesized at different annealing temperatures. Similarly, in every spectrum, the two main peaks can be attributed to Co 2p 3/2 and Co 2p 1/2 and the satellites are located in the high energy sides of these two main peaks.
Qualitatively [6] .
The asymmetry in the Co 2p 1/2 peak confirms the existence of Co 2+ and Co 3+ ions.
The decoupling of the Co 2p 3/2 peak and the satellite at the high energy side of this peak in every spectrum provides five curve-fitting components ( Table 4 . It can be seen that, in all samples, the tetrahedral Co 2+ ions dominate.
Nonetheless, even though they are prominent in a copper-cobalt mixed-oxides system, these Co 2+ ions are partially substituted by Cu 2+ ions [8, 35] forming copper-cobalt oxide structures [6] . The increases of annealing temperatures between 500 to 650°C generally do not influence the cobalt bonding structure in the surface. Overall, there is no change in the oxygen surface compositions when the surfaces are treated at different annealing temperatures from 500 to 650°C.
Optical properties
The optical properties of the copper cobalt thin film coatings are evaluated on the basis of absorptance (α) within the wavelength range of 0.3-2.7 µm. Absorptance is defined as a weighted fraction between absorbed radiation and incoming radiation. The absorptance of a thin film on a substrate can be determined in terms of reflectance as described by Duffie and Beckman [24] . Low spectral reflectance indicates high absorptance and vice versa. The reflectance spectra of all the thin film coatings on highly reflective aluminium substrates synthesized at different annealing temperatures, together with their corresponding solar absorptance values, are shown in Fig. 7a . The prepared coatings exhibit low to moderate reflectance with interference peaks (wavy curves) round about 1.0-1.2 µm and absorption edges around 1.5-1.7 µm. The spectra essentially form solar selective absorber curve profiles within UV-Vis-NIR wavelengths area. Similar phenomena of the presence of interference peaks and absorption edges have also been reported by others researchers [43, 44] . The increase in temperature generally tends to raise the interference peaks and the absorption edge positions that reduce the absorptance values. The sample annealed at 550°C is an exception as
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12 the interference peak and the absorption edge approach each other leading to the smallest wavy curve amplitude and the highest absorptance value among the coatings (α = 84.4%).
Significant increases of the interference peak and the absorption edge positions are indicated by the coatings synthesized at annealing temperatures of 600°C and 650°C that decrease the absorptance value up to about 8% compared to the maximum absorptance value (Fig. 7b) .
From Fig. 7a , it can be seen that the more significant changes of reflectance spectra occur near the infrared (NIR) wavelength region (> 0.8 µm). The reflectance property of coppercobalt oxide layer in the NIR wavelengths area is affected by at least three factors; (1) the thickness of film coating, (2) the intrinsic properties of coating material, and (3) The choice of substrate also has a substantial influence on the reflectance property of the coatings. It is widely accepted that the longer the NIR wavelength, the more radiation will be transmitted through the semiconductor coating material due to the smaller energy owned by the radiations/photons, which makes them easier to pass the coating material without being absorbed. This transmitted-through radiation will be then reflected back by the reflective substrate (dark mirror absorber-reflector tandem concept). In view of this, it seems that our coatings behave akin to a semiconductor material. The increase of annealing temperature, i.e more than 550°C in the coating synthesis process, might increase the intrinsic "band gap energy" of the coating. As such, the smaller number of the incident NIR photons are absorbed through the transition across the band gap, while more photons are transmitted through the
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coating. This transmitted radiation will then be reflected back by the reflective substrate which eventually increases the reflectance and decreases the absorptance. Fig. 8 shows representative load-displacement curves obtained from nanoindentation experiments on the thin film coatings treated at different annealing temperatures. From these curves the values of elastic modulus (E), hardness (H) of the thin films and their wear resistance index (H/E) are derived and presented in Fig. 9 . From Fig. 8 , the level of resistance to deformation of copper cobalt oxide thin film coatings increases with rising annealing temperature; the coating annealed at temperature 650°C exhibits the highest resistance to deformation. The elastic moduli of all the coatings are lower than that of the aluminium substrate, consistent with our previous findings [19] . In addition, the obtained hardness values of the present study are generally consistent with those reported by other researchers [45, 46] . [21] , the results in this work were slightly higher after annealing. Further, following heat treatment, there is an increasing trend in both elastic modulus and hardness for the coatings, albeit this is not so pronounced for hardness. Hence, it can be construed that the heat treatment exerts a positive impact on the mechanical properties of the coating layer. The spread of the measurement results, and the associated errors in both the modulus and hardness, may be due to the surface roughness and the porosity of the coatings [19, 20] .
Nanoindentation tests
Wear resistance is vital to the performance and reliability of the optical coatings during service, where mechanical contacts are always expected. Previous studies indicated that the hardness to modulus ratio, H/E, is an important parameter for predicting the wear resistance [47] . Even though there is a decreased tendency in H/E ratio of the coatings with increasing annealing temperature, all coatings prepared in this work are envisaged to have superior wear resistance when compared with the aluminium substrate ( Fig. 9(c) ).
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Finite Element Modelling (FEM)
FEM simulation was conducted using parameters listed in Table 5 , in which the yield strength was estimated as H/3 [48] . The results for the coating annealed at 650°C are shown in Fig. 10 , where the stress distribution under progressive loading is presented. Notably, the higher stress, as well as the associated plastic zone, was primarily concentrated within the coating layer, up to an indentation depth of 0.06 µm. For the loading conditions modelled, only about half of the maximum stress level could expand into the substrate. This is because all the coating layers have lower elastic modulus but higher hardness than those of the Anofol aluminium substrate (E Al = 131.41 GPa, H Al = 1.455 GPa), which were evaluated experimentally in our previous works [19 -21] . Consequently, little plastic deformation would result within the Al substrate. Considering the fact that for all the samples, variations in both Young's modulus and Poisson's ratio only occur within a narrow range, contact-induced stress distributions in the other coatings are similar. Some variations, although not significant, were observed in the stress distributions (Fig. 10 ), compared to our previous work [21] , due to the change in the mechanical properties of coatings after annealing at the temperature of 650 °C Therefore, two implications can be derived from the above analysis. a) Coating delamination would be suppressed, which typically occurs at the interface between the coating and plastically deformed substrate during unloading. It has been well established that delamination is a direct consequence of plastic deformation within the substrate [49, 50] . b)
Mechanical damage, once induced, would be confined within the coating under moderate loading conditions. In contrast, when the same loading is applied directly onto the Al substrate, a marked difference can be observed in Fig. 11 , where the plastic zones of the loaded samples (coated and uncoated) are determined from FEM results using domain integration and plotted against the indentation depth. The size of the plastic zone resulting from the same loading has increased by 5-7 times, indicating a significant increase in the plastic deformation. It is worth noting that the plastic deformation is detrimental to the
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15 integrity of the coating/substrate system. While the plastic zone within the coating layer represents a damage mechanism which is undesirable and cannot be overlooked, the marked reduction of its size, compared to that in the bare substrate, signifies a distinct improvement in load bearing capability. From these results, improvement in the load-bearing performance is expected when applying to the Al substrate with a coating layer having higher H/E, such as the coatings being developed and studied here.
Conclusions
The copper-cobalt oxides thin film coatings were deposited on aluminium substrates and both the elastic modulus and the hardness had an increasing trend but there was a slight decrease in H/E ratio as the annealing temperature was increased. However, by using H/E as an indicator, the wear resistance of all these coating materials was expected to be superior to
that of the aluminium substrate. FEM modelling indicated that, under mechanical loading conditions, stress and plastic deformation were primarily concentrated within the coating layers. This would reduce the likelihood of delamination of the coating layer upon unloading. Poisson's ratio 
